Solvent extraction reaction of Mn(II) by Alamine336 from strong HCl solution up to 10 kmol/m 3 was identified from the experimental data by using slope analysis method. The equilibrium constant for this solvent extraction reaction was estimated by considering the complex formation reactions between Mn(II) and chloride ion. The activity coefficients of solutes present in the aqueous phase were calculated by Bromley equation. The necessary thermodynamic parameters for the formation of MnCl þ were evaluated from the data reported in the literature. The measured distribution coefficients of Mn(II) agreed well with those calculated in this study.
Introduction
Manganese is a silver-grey metal and its primary uses are ferroalloy, dry cell battery, chemicals, fertilizers, glass, ceramics, and paints. Various methods have been utilized to obtain manganese from spent cells and catalysts. One of the methods is a hydrometallurgical route which consists of leaching of these sources by acid and subsequent solvent extraction of manganese from the resulting leach liquor. In general solvent extraction of manganese has been done from acidic or weaker acidic solution by using phosphorus based extractants. 1) Alamine336 (Tertiary amine, R 3 N, R ¼ CH 3 (CH 2 ) 7 ) has been extensively used in solvent extraction of various metals. [2] [3] [4] [5] [6] [7] [8] [9] However, few studies have been reported on the solvent extraction of Mn(II) from strong chloride solution by Alamine336. Filiz reported experimental results on the solvent extraction of Mn(II) by Alamine336 from HCl solution up to 10 kmol/m 3 .
1)
In this study, the data reported by Filiz has been analyzed to identify the solvent extraction reaction and further to estimate the equilibrium constant of this reaction. Complex formation reactions between Mn(II) and chloride ion were considered. The activity coefficients of chemical species present in the aqueous phase were calculated by Bromley equation. 10) The equilibrium constant obtained in this study was verified by comparing the measured distribution coefficients of Mn with those calculated in this study.
Experimental
Analytical grade reagent Mn(NO 3 ) 2 Á4H 2 O, KIO 4 , phosphoric acid, HNO 3 , HCl (37%) and m-xylene were used in this study. Technical grade Alamine336 was obtained from Cognis Corporation and used without further purification.
Aqueous solution with HCl concentration of 1, 5, and 10 kmol/m 3 at an initial Mn(II) concentration of 0.0182, 0.091 and 0.273 kmol/m 3 were prepared by adding Mn(NO 3 ) 2 Á4H 2 O to the HCl solution. Alamine336 concentration was adjusted by adding xylene.
Equal volume (10 cm
3 ) of aqueous and organic phase were placed in a separating funnel and shaken for 5 min at an ambient temperature. Aqueous phase was separated after settling the mixture for 10 min.
The concentration of Mn(II) in the aqueous phase was determined by using colorimetric method. Predetermined amount of KIO 4 and phosphoric acid were added to the aqueous solution to oxidize Mn(II) to Mn(VII). Mn absorbance in the resulting solution was measured by using Metrohm Spectro-colorimeter (Metrohm E-1009 Spectrocolorimeter) at 530 AE 0:5 nm. Mn concentration in the organic phase was calculated by mass balance.
Results and Discussion

Solvent extraction reaction of Mn(II) by Alamine336
Some studies have reported that Alamine336 (R 3 N) reacts with inorganic acid to form Alamine336 salt [6] [7] [8] and that this Alamine336 salt participates in the solvent extraction of metal ions from the inorganic acid solution. The following equation represents the formation of Alamine336 salt (R 3 NHCl) in HCl solution.
Solvent extraction reaction of metal ion by amine may be viewed as either anion exchange or association reaction. 11) Equations (2) and (3) represent anion exchange and association reaction of Mn(II) from HCl solution by Alamine336, respectively.
where m represents stoichimetric coefficient for Alamine336 salt. Equation (2) emphasizes not only the anionic exchange nature of the reaction but also the dependence of the extraction on HCl concentration. Equation (2) suggests that the concentration of chloride ion has an adverse effect on the distribution coefficients of Mn, while eq. (3) suggests that the concentration of chloride ion has a positive effect on the distribution coefficient of Mn. Our results indicated that the distribution coefficients of Mn increased with the increase of HCl concentration. Therefore, eq. (3) was chosen as a solvent extraction reaction of Mn by Almine336 in our experimental range.
Slope analysis method was employed to determine the value of m from the experimental results. First, the definition of distribution coefficient was inserted into the equilibrium constant for eq. (3) and then the following equation was obtained by taking logarithm on both sides of the resulting equation.
Equation (4) indicates that a plot of log[R 3 NHCl] against log D gives a straight line with a slope of m. Figure 1 shows this plot for the experimental results obtained at the initial Mn concentration of 0.0182 kmol/m 3 . In these experiments, the concentration range of Alamine336 was from 0.021 to 1.756 kmol/m 3 . The distribution coefficients of Mn increased linearly with Alamine336 concentration. The slope of this plot is close to unity, which indicates that the value of m is unity. Figures 2 and 3 show the plot of log[R 3 NHCl] against log D at the initial Mn(II) concentration of 0.091 and 0.273 kmol/m 3 , respectively. In both figures, the slope is close to unity. Therefore, the solvent extraction reaction of Mn(II) from HCl solution by Alamine336 in the experimental ranges could be represented as follows in the chloride solution and Table 1 lists the equilibrium constants for the complex formation reaction reported by NBS and Russian, rspectively.
12)
The activity coefficient of solutes was calculated by Bromley equation. The following equation represents Bromley equation for the activity coefficient of the cation, M , at 25 C. 10 )
In the above equations, z is ionic charge and I ionic strength of solution and B MX the interaction parameter between cation M and anion X. In order to calculate the activity coefficients of chemical species containing Mn(II), the interaction parameter between M and X, B MX , is required. However, Bromley reported only the interaction parameter between Mn 2þ and Cl À . Table 2 lists the equilibrium constants for the formation of MnCl þ at different Mn(ClO 4 ) 2 molality. 12,13) Thermodynamic properties, such as the interaction parameter between MnCl þ and Cl À and equilibrium constant at zero ionic strength, were evaluated from the data shown in Table 2 . The equilibrium constant for the formation of MnCl þ at a given ionic strength, K I , is related to the equilibrium constant at zero ionic strength, K 0 , and to the activity coefficient as follows
By taking logarithm on both sides of the above equation, it is rearranged as
Substitution of the expression for the activity coefficient of each species into eq. (9) gives
The stability constants shown in Table 2 were determined by potentiometric method in the medium of 0.01 kmol/kg HCl concentration. 13 
The left-hand side of the above equation at each Mn(ClO 4 ) 2 concentration can be calculated by using the data shown in Table 2 . Figure 4 shows the plot of Mn(ClO 4 ) 2 concentration vs y-value of eq. (14). The intercept of this straight line is the equilibrium constant at zero ionic strength and the slope of this straight line is related to the interaction parameter. The following thermodynamic values were obtained from the slope and intercept of this straight line. The unit of concentration in Table 2 is molality and the unit of concentration employed in this study is molarity. Although the unit of concentration is different, the above obtained interaction parameter was used without correction. Data on the stability constants for the formation of MnCl 2 and MnCl 3 À are not enough to evaluate reliable thermodynamic values for MnCl 2aq and MnCl 3 À . It is seen from Table 1 that the equilibrium constant for the formation of MnCl þ estimated in this study is close to the value reported by NBS. Table 2 shows that there is little difference in the equilibrium constants for the formation of MnCl 2aq and MnCl 3 À between reported by NBS and by Russian. Hence, the equilibrium constants for the formation of MnCl 2 and MnCl 3 À reported by NBS were used without any correction. Furthermore, the activity coefficients of MnCl 2 and MnCl 3 À were assumed to be unity.
Determination of the equilibrium constant
From the chemical equilibria together with solvent extraction reaction, mass and charge balance equations were obtained as follows when the volume ratio of aqueous to organic was unity.
[
In chloride solution, charge balance equation reduces to
The number of chemical species present in both phases after extraction is 10 (Cl
. In order to calculate the concentrations of the eight species excluding H 2 O and xylene, 8 independent equations are required. We obtained these eight equations from 3 chemical equilibria, solvent extraction reaction, three mass balance equations (eq. (17), (18), (19)), charge balance (eq. (20)). We assumed that the activity coefficients of Alamine336 and extracted Mn(II) species in the organic phase were unity. With this assumption, the equilibrium constant of the solvent extraction reaction becomes in these tables, the equilibrium concentration and the activity coefficient of solutes appearing in eq. (21) were calculated by the above mentioned method. From these concentrations and activity coefficients, the values of the right-hand side of eq. (21) were calculated. The following equilibrium constant was obtained by averaging the values obtained from each experimental data.
The distribution coefficients of Mn(II) can be predicted from the initial extraction conditions by using this equilibrium constant and these calculated distribution coefficients are also shown in Table 3 , 4, and 5. Figure 5 shows the distribution coefficients of Mn(II) obtained experimentally and the calculated values. The concentration range of HCl employed in this study was from 1 to 10 kmol/m 3 . Considering the dramatic effect of ionic strength on the reaction, it is known that the distribution coefficients of Mn(II) obtained experimentally agreed well with those predicted in this study.
Conclusions
Solvent extraction of Mn(II) by Alamine336 have been performed from low to high HCl concentration up to 10 kmol/m 3 . Solvent extraction reaction of Mn(II) in this system was identified by applying slope analysis method to the experimental data. In order to estimate the equilibrium constant for the solvent extraction reaction, the equilibrium concentrations of chemical species present in the aqueous phase was calculated by considering the complex formation of manganese chloride, such as MnCl þ , MnCl 2 and MnCl 3 À . The thermodynamic values related to the formation of MnCl þ was evaluated from the data on the variation of the formation constant of MnCl þ in Mn(ClO 4 ) 2 medium. In the experimental ranges, the solvent extraction reaction and the equilibrium constant can be represented as follows 
